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Abstract 

A transport barrier in a toroidal plasma is treated as the boundary region between the hot and 
cold phases of the plasma. These two phases possess essentially different collision and transport 
properties, so the boundary region between them corresponds to the minimum values of specific 
resistivity and transport coefficients of the plasma. The behavior of magnetic shear in the region 
of a transport barrier and some other specific properties of transport barriers are the consequences 
of the minimum plasma resistivity in this region. The origin of sawtooth oscillations in toroidal 
plasmas is shown to have a similar nature. 
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Transport barriers in the tokamak plasmas, i.e. the regions of reduced particle and energy 
transport across magnetic surfaces, have been discovered as early as in 1982 [1]. There exist 
both edge and internal transport barriers in the tokamak and other toroidal plasmas. These 
transport barriers are normally associated with the poloidal rotation, low (in fact, zero) 
magnetic shear, and the generation of radial electric fields in the plasma [2]. With the edge 
transport barrier, the total energy confinement time of the plasma in tokamaks and other 
toroidal devices doubles (H-mode) over that for a plasma without the edge transport barrier 
(L-mode). The theory of the classical collisional transport losses does not explain these 
phenomena which are also a hard challenge for the turbulent transport models [3]. 

Here we show that the transport properties of a hot plasma (with the electron temper- 
ature exceeding the critical temperature T e c = IkeV), interacting with thermal radiation, 
essentially differ from those of a cold plasma. A transport barrier in a toroidal plasma can 
be treated as the boundary region between the hot and cold phases of the plasma. The 
specific resistivity and the transport coefficients of the plasma have the minimum values 
in this boundary region. The minimum plasma resistivity produces a local maximum of 
the current density and, as a consequence, zero magnetic shear. Some other properties of 
transport barriers in toroidal plasmas are also related to the current density profile in the 
boundary region. 

It has been shown recently [4] that the frequency of electron-ion collisions in a hot plasma 
interacting with thermal radiation is given by the formula 

v ei = nvTeVei ~ nv Te ^o, (1) 

where n = n e = rii is the plasma density, vr e is the thermal velocity of electrons, and 
a e i is the cross-section of electron-ion collisions which is a constant, do, determined by the 
atomic size. The origin of the constant cross-section <r is as follows. A hot plasma with 
the temperature T e ^ T = 3keV is intensely interacting with the field of thermal radiation. 
At temperatures T ^ To the stimulated radiation processes dominate this interaction [5]. 
Thermal radiation induces radiative transitions in the system of electron and ion which 
corresponds to the transition of electron from the free to the bounded state. 

Thus, in a hot plasma interacting with thermal radiation, the bounded states of electrons 
and ions restore, leading to the change of collision properties of a hot plasma. In this case, 
the electron-ion collision cross-section has an order of magnitude of the atomic cross-section, 
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(To = l(T 15 cm 2 . 

Since the specific resistivity rj of a plasma is proportional to the frequency of electron-ion 
collisions, as given by the formula 



77 = m e v ei l (n e e 2 ) , 



(2) 



where m e and e are the mass and charge of an electron respectively, the resistivity of a hot 
plasma increases with the electron temperature as 



The critical value T 6jC of the electron temperature corresponding to the transition from 
the cold to the hot phase of a plasma has an order of magnitude of the inversion temperature 
T = 3keV [5]. The studies of sawtooth oscillations by von Goeler, Stodiek, and Sauthoff 
[6] suggest that the critical temperature is approximately T 6jC = 0.8keV (see below). 

For a typical high-density discharge in a tokamak, the electron temperature is 
monotonously decreasing with the radius from the center of the plasma to the periphery. If 
the electron temperature at the center of the plasma, T e0 , exceeds the critical value, T e c , 
then the region of the minimum resistivity exists, as it follows from the relations Q and 
(@J). The current density tends to concentrate in this region of low resistivity. 

The diffusion coefficients, D±, and thermal conductivity, x±> describing the transport of 
particles and energy across the magnetic surfaces, are proportional to the Larmor radius, p, 
squared and to the frequency of electron-ion collisions: 



Vh oc Tl'\ 



(3) 



contrary to the relation for a cold plasma 



Vc oc T- 3 / 2 . 



(4) 



Xe,± OC p 2 e U ei ; Xi,± OC P 2 Vet, 



(5) 



for electrons and ions respectively. 



The electron Larmor radius is 




(6) 
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where B is the magnetic field strength, and c is the speed of light, so Xe,± ocT e in the hot 
phase, and Xe,± oc T^ 1 ^ 2 in the cold phase. Similar is the temperature dependence of the 
ion thermal conductivity. 

Therefore, in the boundary region between the hot and cold phases of the plasma, both 
the specific resistivity and transport coefficients of the plasma have the minimum values. 
These regions of reduced particle and energy transport across magnetic surfaces have been 
indeed observed experimentally and called transport barriers. There exist edge and internal 
transport barriers in toroidal plasmas. The edge transport barrier corresponds to the hot 
phase of the plasma occupying almost all plasma column which has been symbolically called 
H-mode (here H originally denoted the confinement of the plasma, not the hot phase). 

Returning to the resistivity profile of a toroidal plasma, we note that the local maximum 
of the current density, J, is associated with a transport barrier. It implies that in this region 
the derivative of the current density with respect to the radius, r, is zero, i.e. dJ/dr = 0. 
The safety factor, q, is defined by the formula 

q (r) = B T r/B P R, (7) 
where Bt is the toroidal magnetic field, R is the major radius of the plasma, and 

Bp = 2ir(J)r/c (8) 

is the poloidal magnetic field produced by the toroidal current in the plasma, (J) being 
the current density averaged over the plasma column within the radius r. Substituting 
expression (|HJ) in the equation (jJJ), we obtain 

q(r) = cB T / (2n ( J) R). (9) 

Now if the current density is locally constant, dJ/dr = 0, then the averaged current 
density is also locally constant, and we find that the magnetic shear, S, defined by the 
formula 

S = (r/q) dq/dr (10) 
is zero in the region of a transport barrier. 
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Exactly such a relation between transport barriers and the regions of low magnetic shear 
is observed experimentally in toroidal plasmas [2]. The additional current density parallel 
to the magnetic field in the region of a transport barrier and caused by the local minimum 
of plasma resistivity is responsible both for the magneto-hydrodynamic activity associated 
with the moving region of zero magnetic shear, and for the relation between the transport 
barriers and the rational magnetic surfaces with q = m/n for low m and n [7]. 

When the electron temperature at the center of the plasma column only slightly exceeds 
the critical value T 6)C , the sawtooth oscillations occur [6]. The sawtooth oscillations or 
internal disruptions have been observed both in high-density discharges near the high-density 
instability limit and at low densities near the electron runaway regime. It suggests that it 
is the value of the electron temperature which is crucial for the development of sawtooth 
oscillations, but not the electron density. The sawtooth oscillations occur only in the central 
region of the plasma column where the electron temperature is sufficiently high. 

During the heating of the plasma, the plasma temperature profile in the plasma core 
sharpens until the region of the minimum plasma resistivity is formed, in accordance with 
above considerations. As a consequence, the current density profile and then the electron 
temperature profile flatten, causing a decrease inside and increase just outside the q = 1 
surface [6], indicating that the region of low plasma resistivity is connected to the rational 
q = lmagnetic surface. The latter connection explains the development of the sinusoidal 
m — 1, n — 1 kink mode associated with the sawtooth oscillation [6]. 

To summerise, we show that the formation of a transport barrier in a toroidal plasma 
is caused by the minimum plasma resistivity and transport coefficients in the boundary 
region between the hot and cold phases of the plasma. The additional current density in the 
boundary region caused by the minimum plasma resistivity is responsible for the connection 
between the transport barriers and the rational magnetic surfaces. There exists a critical 
value of the electron temperature corresponding to the transition from the cold to the hot 
phase of the plasma. At some conditions, the sawtooth oscillations develop in the boundary 
region between the cold and hot phases of the plasma. 
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